The article presents a method to determine the position of mechanically scanned sonar images by comparing them with the database of simulated synthetic images. The synthetic images are generated from high-density bathymetric data coming from the same fragment of water region, using the ray tracing method. The article discusses the issues related to the choice of the probability function as the method of image comparing which allows to find the correct georeference of the real image. For the correlation method and the logical conjunction method, which are believed to give the best results, detailed studies were performed, including boundary cases. The obtained results of matching are presented in tabular and graphic form.
INTRODUCTION
Mechanically Scanned Imaging Sonars, MSIS, are most frequently used for bottom searching in water regions of certain navigational interest, for the purpose of building hydraulic constructions or stocktaking of port areas and quays [1] . These sonars are specific for high resolution of the recorded images and relatively small spatial range. The MSIS images of port areas are full of characteristic objects or distinctive bottom fragments [2] . In a stationary variant, the sonar is equipped with a high-frequency converter which allows it to detect objects with the cubic capacity of some tens of cubic centimetres. Of certain interest are the attempts to use MSISs to track moving underwater objects [3] . The applied technology of converting the acoustic signal echo into the line of pixels remains the same as for side scan sonars, SSS. However, due to its independence from the surface research vessel, which eliminates problems with its motion, and the use of high-frequency converter, the MSIS sonar provides real opportunity to visualise underwater areas in a way close to that offered by photography. Unfortunately, the mode of independent operation on the seabed, without rigid connection with the surface vessel or even without any relation with it, makes establishing a precise position of the image recorded by MSIS a problem. A number of underwater positioning systems are being widely used now, but their high cost and time consuming operation of setting them up make the use of these systems unreasonable for the abovementioned tasks. The issues of underwater positioning are discussed in [4] [5] [6] , among other sources.
The article proposes to use comparative navigation methods for establishing positions of stationary MSIS images with the aid of the model of seabed and the synthetic sonar image simulator. It is assumed that precise and up-to-date bathymetric data for the port area of interest are available and that these data will allow to generate the database of synthetic images with the resolution close to that of the original images.
The article discusses the issues of MSIS imaging and generation of their artificial seabed model based equivalents for the purposes of MSIS positioning. The presented method of sonar image positioning bases on comparing the real image with the database of the generated synthetic images. The flowchart of this process is included. In the performed simulation experiment, different probability functions are compared to find the function which returns best MSIS image matching.
BACKGROUND MSIS IMAGING OF PORT AREAS
The operating principle of imaging sonars bases on echo energy measurements of the acoustic wave emitted, per unit time, by the converter and reflected from seabed elements. Series of amplitudes of successive pulses are recorded as lines of pixels and, after geometry correction and amplification, can be presented as a single-channel image of the seabed. The stationary MSIS performs mechanical scanning in horizontal plane by rotating the converter. During the scanning process, the scanning head rotates step by step by a given constant angle ε, each time emitting the beam of acoustic waves and recording the reflected echo. The emitted acoustic wave has the form of a fan, narrow in the horizontal plane and wide in the vertical plane. The main maximum axis of the wave directionality characteristic is directed downwards of the horizon line, by ten to twenty degrees, as a result of which most of the acoustic energy is directed towards the seabed. The record of the imaging signal having the form of successive lines of pixels can be presented in the way similar to that used in side scan sonars (Fig. 1a) ; with the only difference that in MSIS imaging all sonar lines have common origin at the sonar head position. This origin is simultaneously the centre of the image, and when we know the head rotation angle ε we can determine relative positions of particular lines with respect to each other. This Cartesian mapping of the image is very convenient from the point of view of photo interpretation (Fig.1b) . Image correction is not necessary, except pixels situated very close to the converter and being part of the so-called dead zone of the sonar image. The orientation, with respect to North, of the image recorded by the scanning sonar is obtained from the compass integrated with the sonar head. If certain objects with known locations (part of quay, bridge pillar) or those which provide an opportunity to be precisely localised (mooring post) are recorded in the image, they can be used as markers to calculate the position of the receiver, based on the known range of the beam. However, this is not a universal solution. 
SIMULATING SONAR IMAGES
There are a number of documented studies on generation of simulated sonar images based on the known seabed shape [7] . The research studies upon these issues performed at the West Pomeranian University of Technology, Szczecin, resulted in building a complete simulator making use of the raytracing method [8] . Although it was built with the intention to cooperate with SSS images in marine applications, the simulator makes it possible to take into account the model of an arbitrary sonar and arbitrary seabed shape via full implementation of the physical model of the environment and acoustic wave propagation in water. For the purpose of generation of synthetic MSIS images, part of input parameters of the simulation is intentionally omitted or averaged. This mainly refers to parameters describing the motion of the vessel and to the hydrological model of water depth. The route of the vessel is replaced by a point which defines the sought position of the sonar and the attributed course. This course changes after each converter rotation by the angle ε. The environmental conditions in shallow port areas allow to simplify the curvilinear model which relates the speed of sound with the water depth to one value assumed for the entire water depth (the stationary sonar is located on the seabed and works within a small observation range, as a result of which minor speed-of-sound differences can be neglected). When the sonar images are recorded in the port area of high salinity, the software used for data acquisition can attach the additional information on the speed-of-sound profile in water, recorded by the SVP (Sound Velocity Profiler) probe, to the raw sonar data. The remaining parameters, such as: frequency of the generated signal, spatial range, amplification, breadth of the beam, and other recording data which are needed to generate the synthetic image, are stored in real sonar data files and can be read each time we want to generate a new series of simulated images.
Table1.Comparing input data for SSS and MSIS image simulators.

Input parameters for simulation
SSS images MSIS images
HIGH-DENSITY BATHYMETRIC DATA
The sonar search over the seabed is most frequently performed in a water region with known bathymetry. The bathymetric measurements are usually made immediately before sonar measurements, which means that these two databases are relatively consistent in spatio-temporal terms. Due to high changeability of water environment, the above data consistency is very important, as the seabed shape affects directly both types of data. To make the generation of synthetic sonar images possible, an accurate GRID model of seabed is to be acquired in the form of a depth grid with the mesh size close to that of a pixel in the original image.
The numerical model of seabed [9] [10] [11] [12] [13] [14] [15] is constructed by interpolating the depth values at the measuring points with the aid of the selected interpolation algorithm. Most usually, the model has the form of a grid of regular squares with depth values attributed to each grid node. The map constructed in this way does not reflect precisely the characteristic of the seabed, nor it allows to identify objects on it; it only represents an approximate shape of the seabed. The accuracy of this approximation depends on the applied technology and physical characteristics of the converter(s) [16] .
CONCEPT OF THE POSITIONING METHOD
Comparative navigation methods consist in comparing different available data sets, some of which have certain spatial references. The general concept of the method assumes that, based on the bathymetric model of the seabed, a synthetic image can be generated for an arbitrary point within the spatial range of this model using the sonar image simulator. The generated images constitute the database of images, which is then used for comparing with real images. Finding the best matching pair of images with the aid of a given similarity function provides the information about the geospatial position of the real image. Figure 2 shows a full scheme of sonar image georeferencing. The model of seabed GRD BAT and the information on the approximate sonar position (x est , y est ) are used for determining the boundaries for the rectangular area of search BOUND. The images for the area BOUND are generated by the simulator in series. All parameters defined for one series are constant, regardless of the position at which consecutive synthetic images are generated. When starting the georeferencing process, all input data are read and generation of the series of reference images begins. The generator saves the results as images in polar coordinate system. Each subsequent image is simulated based on GRD BAT data with the set position shift (∆x, ∆y) and saved in a separate file. The real image and each simulated image in the series (Fig.3 ) are subject to: (1) further transformation to the Cartesian space and visualisation using the polar linear interpolation [17] to the OSYM form (Fig.4) , and (2) averaging with the aid of the convolution filter with mask 5×5 (OSYMF form) and thresholding which emphasizes cutting-off of the average values from shadows in the image (OSYMP form) (Fig. 5) . 
PROCESS FLOWCHART
Fig.5 Sample pair of corresponding images OSONP T and OSYMP T
The result of each operation is saved in a separate file. The images prepared in the above way are ready for comparing. Depending on the selected similarity function, relevant transformations of the real image and the simulated image are compared with each other. The simulated image with the highest similarity coefficient is considered the best matching, and the position T(xBOUND, yBOUND) for which it was generated indicates the position of the sonar head during real recording. That means that the position of the sonar image matrix centre position has been established and full georeference has been attributed to all pixels of the image. If the value of the selected similarity coefficient is not sufficiently high, the position is considered unknown.
COMPARATIVE NAVIGATION METHODS
The comparative navigation methods have been mainly used, so far, for positioning with the aid of a radar and electronic navigation maps [18] [19] [20] , although in recent years the comparison methods are becoming more and more frequently used in underwater positioning [21] [22] [23] [24] [25] [26] . The research direction which has recently been very popular in this area refers to mobile navigation [27] [28] [29] .
There are a number of similarity functions which make it possible to identify relations between images. In those cases, the comparison between the real image and the synthetic image as a whole is done using a method which allows to determine global difference, or global similarity between them. The deterministic methods include comparative navigation, mainly performed using distance and proximity functions, as well as correlation and logical conjunction methods [18] . The research reported in the article focuses on methods generating best results for SSS images and those which after transformation can take into account the specificity of MSIS imaging. The basic method here is the Euclidean distance:
and the closely related basic difference algorithm: (2) where:
OSON n and OSYM n -values of pixels, N -total number of n pixels in the image. However, the methods which are most frequently used for comparing images are the correlation methods. They analyse correlations between matrices. The most common is the linear correlation:
where:
µ OSYM , µ OSON -arithmetic means of image elements. To make the method insensitive to image rotation, phase correlation can be used after applying the Fourier-Mellin transformation to image invariants. The phase correlation function:
is the discrete two-dimensional inverse Fourier transform (2D IDFT):
where is the mutual phase spectrum between two discrete Fourier transforms (2D DFT): of the analysed images. In formulas (6)- (7):
-the compared images, each of dimensions MxN, with the indices ranging within: m=-M 2 .. M 2 (M 2 >0) and n=-N 2 …N 2 (N 2 >0).
,
The most effective tools in comparative navigation making use of SSS images appear to be the algorithms making use of the logical conjunction method as the similarity function [18] . To adapt this function to the specificity of MSIS images, the areas without sonar information are to be eliminated from calculations, as they would always make good match. The final matching coefficient, taking the values from the interval <0,1> can be described by the formula:
where: -pixel matching coefficient, equal to one for each pair of corresponding pixels when their values in OSON and OSYM images are the same.
-pixel matching coefficient, equal to zero for each pair of corresponding pixels in the OSON and OSYM areas without sonar information, N, -total number of n pixels in the image, N o -total number of n 0 pixels in the image (without sonar information).
EXPERIMENT
The experiment made use of real MSIS images recorded by sonar MS1000 on the selected area of the Szczecin-Świnoujście port complex. The model of seabed was created using highdensity bathymetric data obtained from the interferometric system GeoSwathPlus for the area of interest. The issues of processing of high-density data obtained using remote sensing methods are discussed in [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , among other sources.
Synthetic sonar images were generated using a simulator built at the West Pomeranian University of Technology as part of PhD research [8] . After collecting all needed data, the database of synthetic images was created.
EXAMINING COMPARISON METHODS
As the first stage of experiment, comparison was made between all comparison methods mentioned in the previous section. It consisted in comparing four real test images with 22-30 sets of simulated images (along with their transformations), including those generated from correct position. Depending on the selected comparison method, relevant pairs of transformations of corresponding images were compared. The basic criterion when evaluating the correctness of image finding was the value of the matching coefficient F which determined the degree of similarity. Selected sample results for this comparison series are collated in Table 2 . In the presented series the sample No. 20 was the image generated from the real sonar position -TH (0,0). Three methods indicated this sample as the image matching position. The phase correlation method, which is believed to be most promising for circular MSIS images, did not provide expected results. This method operates on images in the form of invariants, i.e. images transformed to the polar coordinate system (Fig. 3) . Theoretically, along with eliminating the image rotation error, (Fig. 6) it can indicate a possible image shift direction. Unfortunately, its use for identification purposes in the reported tests failed in all examined test cases, which could be an effect of the nature of the bathymetric test data used for image simulation. Local data errors resulting from the applied acquisition method affected the quality of the generated synthetic image by generating gentle linear changes in the image, which in turn affected considerably the calculated phase correlation coefficient.
Due to excessively large differences in values of corresponding image pixels, the simplest method, i.e. the Euclidean distance method turned out useless for georeferencing of both OSON and OSYM images, and their filtered versions. On the other hand, the difference method, used after image binarization, allowed to identify correct positions in 77% of test images. The linear correlation and logical conjunction methods returned the best results. Each time they correctly selected from the series the synthetic image which corresponded to the selected real image. The correlation was performed for pairs of OSON and OSYM images, and their OSONP and OSYMP versions obtained after thresholding.
L I N E A R C OR R E L AT ION A N D L O G IC A L CONJUNCTION METHODS
As the further step of examination, matching coefficients were checked for the linear correlation method and the logical conjunction method. The RMSD (Root Mean Square Deviation) error was also calculated: (11) where: F n -matching coefficient value for n-th comparison, F śr -matching coefficient average, N -number of comparisons.
The matching coefficient average was much higher for the logical conjunction method (Table 3) . Low value of the RMSD error confirmed correct selection of methods for finding corresponding pairs of images. Additionally, tests were performed for a series of images generated in direct vicinity of the real image position TH(0,0) ( Table 4 Finally, the two methods were tested for possible introduction of a real sonar image which did not come from the area defined by the matrix BOUND. Selected sample results are given in Table 5 . In this final test the values of the matching coefficients for the two examined methods turned out low. For the correlation method they did not exceed 0,5 which is interpreted as indication that, according to this method, none of the analysed image pairs are similar to each other, which is true. Also the logical conjunction value is not satisfactorily high to identify the image position. Thus the final limit of the method can be formulated which says that the image position can be identified provided that certain value of the similarity coefficient is reached.
CONCLUSIONS
The results of the performed research allow to conclude that the linear correlation method and the logical conjunction method are most useful for finding similarities between the images obtained from stationary scanning sonars. This conclusion is in line with that resulting from their common application for radar image based comparative navigation. The obtained results have revealed that the similarity function which returns best matching is the logical conjunction method, adapted to the specificity of MSIS images. The threshold value of the matching coefficient which allowed to decide whether the similarity is sufficiently high for assuming the hypothetical position T as the sonar position TH(0,0), was assumed at the level of 0,75. The proposed positioning solution, which bases on the above comparison methods, is part of wider research performed by the authors upon improving the interpretation potential of sonar images. Precise data georeferencing allows to link these data with other pieces of information, which can be attached as successive channels of the sonar image. Additionally, the developed method is of great practical importance in supporting the process of high-resolution imaging of underwater port areas with the aid of the stationary MSIS.
The implemented stand-alone module for comparing real images with the database of synthetic images allows to analyse different similarity functions for different forms of input data, which is of certain importance for future tests of the method, to be performed on the data coming from other water regions with different seabed types.
The method presented in the article was the essence of the patent application submitted by the authors [42]. 
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